T cell differentiation is a progressive process characterized by phenotypic and functional changes. By transferring tumor-specific CD8 + T cells into tumor-bearing mice at various stages of differentiation, we evaluated their efficacy for adoptive immunotherapy. We found that administration of naive and early effector T cells, in combination with active immunization and IL-2, resulted in the eradication of large, established tumors. Despite enhanced in vitro antitumor properties, more-differentiated effector T cells were less effective for in vivo tumor treatment. Several events may underlie this paradoxical phenomenon: (a) downregulation of lymphoid-homing and costimulatory molecules; (b) inability to produce IL-2 and access homeostatic cytokines; and (c) entry into a proapoptotic and replicative senescent state. While the progressive acquisition of terminal effector properties is characterized by pronounced in vitro tumor killing, in vivo T cell activation, proliferation, and survival are progressively impaired. These findings suggest that the current methodology for selecting T cells for transfer is inadequate and provide new criteria for the generation and the screening of optimal lymphocyte populations for adoptive immunotherapy.
Introduction
Adoptive cell transfer therapy (ACT), the administration of ex vivoactivated and -expanded autologous tumor-reactive T cells, is currently one of the few immunotherapies that can induce objective clinical responses in significant numbers of patients with metastatic solid tumors (1) (2) (3) . In a previous study, ACT after lymphodepleting conditioning caused objective responses in 46% of patients with metastatic melanoma refractory to other therapeutic modalities (4) . We have now tripled the size of the original study (4) , and the objective response rate exceeds 50%, and 11% of all patients treated are complete responders (5) .
There are several theoretical advantages to the use of ACT in treatment of cancer. Tumor-specific T cells can be activated and expanded to large numbers ex vivo, independently of the immunogenic properties of the tumor. Perhaps most important, the functional and phenotypic qualities of T cells can be selected prior to their adoptive transfer.
Much progress has been made in the understanding of the properties of T cell subpopulations associated with states of T cell differentiation in mice and humans, especially those states that are related to the generation of memory T cells capable of protecting against viral challenge (6) (7) (8) (9) . However, little progress has been made in identifying the characteristics of cell states that are associated with the successful treatment of large, established tumors in mice or in humans.
Currently, the only criterion applied to selecting cells for adoptive transfer to patients with solid tumors is the ability of antitumor T cells to release IFN-γ and kill tumor cells upon coculture (2, 10) . However, based on a retrospective analysis of ACT in melanoma patients, it is now clear that these criteria alone do not predict in vivo efficacy -despite enhanced in vitro antigen-specific IFN-γ release and cytolysis, tumor-specific CD8 + clones did not induce objective clinical responses upon adoptive transfer (10) (11) (12) .
We sought to determine whether the functional and phenotypic qualities associated with CD8 + T cell differentiation affect the ability of tumor-specific T cells to mediate tumor regression. We tested this hypothesis using T cells derived from pmel-1 TCR-Tg mice in adoptive transfer experiments (13) . The pmel-1 system accurately models the human situation in many important respects. The target antigen, pmel-17, is a highly homologous ortholog of the self/ tumor antigen gp100 that is often targeted in human clinical trials (14, 15) . In addition, the exogenous administration of high doses of IL-2 and the lymphodepleting conditioning represent other elements shared with our clinical protocols. In contrast to the human situation, in which cells are isolated from cancer patients, we used CD8 + T cells derived from naive non-tumor-bearing mice; however, it is important to note that in the presence of either B16 melanoma or a gp100-nonexpressing irrelevant tumor, pmel-1 T cells remain naive (16) . After adoptive transfer, T cells from tumor-bearing pmel-1 mice are able to eradicate established tumors as well as T cells derived from naive pmel-1 mice (data not shown). Thus, there is neither activation nor tolerance of these tumor-reactive T cells in the presence of large established tumors -instead, these tumorreactive T cells exist in a state of immunological ignorance (13) .
In the current article, we elucidate the T cell differentiation state (i.e., the specific phenotypic and functional qualities) of cells associated with responses in the ACT setting and clarify the mechanisms that impair a T cell's ability to cause tumor regression. Finally, we suggest specific solutions to generate more effective antitumor T cells for the development of experimental human adoptive cell transfer-based therapies.
Results

Acquisition of terminal effector functions in vitro impairs in vivo antitumor
efficacy. To determine whether the differentiation state of CD8 + T cells may affect their ability to mediate tumor regression when adoptively transferred in vivo, we generated pmel-1 CD8 + T cells at progressive stages of differentiation (naive, early effector, intermediate effector, effector). We obtained these cells using multiple in vitro stimulations with antigen and IL-2 (unstimulated, stimulated once, stimulated twice, stimulated 3 times). We then assessed a variety of phenotypic and functional attributes to validate the stage of CD8 + T cell differentiation. After multiple in vitro stimulations, naive pmel-1 cells differentiated into fully mature effector CD8 + T cells, as indicated by the progressive downregulation of CD62L, chemokine receptor 7 (CCR7), β7 integrin, and CD27 and the concurrent increase in the levels of CD44, CD69, CD25,
Figure 1
Acquisition of full effector function in vitro impairs antitumor efficacy. Pmel-1 CD8 + T cells at progressive stages of differentiation were generated using multiple in vitro stimulations with 1 μM hgp10025-33 and 30 IU/ml of rhIL-2. Seven days following the last stimulation, phenotypic and functional assays were performed. (A) Phenotypic differences in naive and effector subgroups. Flow cytometry analysis for the expression of lymphoid-homing molecules CD62L, CCR7, and β7 integrin; costimulatory molecule CD27; activation/effector markers CD69, CD44, CD25, and granzyme-B ( Figure 1A ). The acquisition of an effector phenotype was associated with an increase in cytolytic activity and IFN-γ release but a decrease in IL-2 production ( Figure 1B) .
We next adoptively transferred these cells into lymphodepleted C57BL/6 WT mice bearing subcutaneous B16 tumors established for 10 days to test their in vivo antitumor functions. Pmel-1 CD8 + T cells that were naive or at early effector stage, in combination with an altered ligand vaccine and IL-2, were able to effectively treat large, established B16 melanoma. Unexpectedly, despite enhanced antitumor properties in vitro, more-differentiated T cells were less effective upon adoptive transfer (P = 0.009; Figure 1C ). According to a titration experiment, effector cells were at least 100-fold less effective than early effector cells ( Figure 1D ). It was surprising that the least effective cells we used had the characteristics that we and others currently seek in T cells for use in current ACT-based human trials (2) . Specifically IFN-γ release and cytotoxicity were negatively correlated with in vivo antitumor efficacy. (17) . Conversely, early effector cells showed a more naive profile, expressing higher levels of the lymphoid-homing molecules cd62l, integrin-α E , and ccr7, the costimulatory molecule cd27 and IL-7 receptor α (il-7rα). However, highly differentiated T cells overexpressed a number of genes that may prejudice their survival capability, such as the proapoptotic molecules bid, bad, and fas-ligand (18) (19) (20) . Intermediate effector cells also expressed higher levels of molecules associated with replicative senescence such as killer cell lectin-like receptor G1 (klrg1) (21, 22) and the mortality factor mrgx (23), which suggests that the proliferative potential of these cells may be decreased. Microarray data were validated by flow cytometry, Western blot, and functional analyses (Figure1, A and B; Figure 2 , A and B). Interestingly, according to the Western blot analysis, it was the truncated, active, C-terminal products of caspase-3 and -8 cleavage of BID (tBID) that were present at higher levels in impaired cells (18, 20) . It should be noted that it was the p13 product -usually a minor form exclusively associated with the mitochondria -that was strongly elevated (>3-fold by densitometry) in intermediate effector T cells (20) . Thus, the Western blot confirmed and further refined the results of the analysis of global gene expression. T cell differentiation is associated with progressive impairment of proliferative capacity. The analysis of global gene expression suggested that fully differentiated effector T cells may be less "fit" (24) and more proapoptotic. We sought to determine the relative proliferative capacity of effector T cell subpopulations in vitro and in vivo. We evaluated the proliferative capability in vitro with a CFSE-based assay. Four days after antigen stimulation in IL-2, early effector cells had proliferated vigorously -only 15% of the starting population failed to dilute the CFSE label to levels comparable to those of unlabeled cells (data not shown). By sharp contrast, 55% of the intermediate effector and 59% of the effector T cells failed to fully dilute the label, which indicates that the differentiation state was inversely related to T cell proliferative capacity ( Figure 3A) .
To test whether the in vitro findings could predict the proliferative capacity of T effector subsets upon adoptive transfer, we directly quantified the absolute number of CD8 + Vβ13 + pmel-1-Tg T cells at multiple time points in the blood and in the spleen. The differences observed in vivo were more pronounced than those observed in vitro. Each of the effector subsets was transferred (1.0 × 10 6 ) with altered peptide ligand vaccine and IL-2. The progeny of all effector subgroups reached a peak number between days 4 and 6 after transfer. However, in the spleen alone, we found that 39.5 × 10 6 progeny derived from early effectors but only 5.7 × 10 6 and 1.8 × 10 6 pmel-1 T cells derived from intermediate effector and effector cells, respectively ( Figure 3B ). A similarly pronounced difference was observed in the blood (data not shown). Thus, progressive acquisition of antitumor effector function led to deterioration of the numbers of surviving T cells in vivo.
Further subfractionation of early effector T cells by expression of CD62L identifies CD8 + T cells with superior in vivo antitumor properties. In our experiments using the highly effective/early effector population, we observed significant homogeneity with regard to most differentiation markers. However, in the early effector subpopulation there remained significant heterogeneity in the expression of CD62L, which was lost with further T cell differentiation and failure of antitumor function in vivo ( Figure 1A ).
We sought to understand whether CD62L was functionally important or merely a marker of the state of differentiation. We further subfractionated the early effector T cell population by sorting cells into CD62L high and CD62L low subsets ( Figure 4A ). The CD62L low population appeared slightly more differentiated on the basis of CD25 and CD69 expression, but all cells in the CD62L high and CD62L low subgroups demonstrated an "antigen-experienced" phenotype. Most phenotypic markers were expressed at a similar level, including CD27, CD44, and IL-7Rα ( Figure 4B ). As KLRG-1 -a sensitive marker for replicative senescence -was virtually absent in both CD62L high and CD62L low subsets, neither of the 2 groups had entered into a senescence state ( Figure 4B ). Functionally, CD62L high and CD62L low subsets showed similar cytolytic activity and IFN-γ production. Importantly, no deficit in IL-2 release was seen in either population ( Figure 4C ). Furthermore, no differences in proliferation were observed when CFSE-labeled CD62L high and CD62L low populations were stimulated in vitro with antigen and IL-2 ( Figure 4D ).
Despite these similarities, when transferred in conjunction with an altered ligand vaccine and IL-2, the CD62L high subset had superior antitumor function (P = 0.009; Figure 5A ). This was associated with pronounced in vivo expansion of the CD62L high subset in the spleen ( Figure 5B ). Similar results were observed in tumor ( Figure 5C ) and blood (data not shown). Thus, these differences were not the result of selective accumulation in lymphoid tissues mediated by CD62L. However, no statistical difference was observed when high or low subsets were transferred in the absence of vaccination (P > 0.05; Figure 5A ). To definitively assess whether CD62L was functionally important, we crossed pmel-1-Tg mice with CD62L -/-mice. Splenocytes from pmel-1-CD62L -/-and age-matched pmel-1-CD62L +/+ mice possessed similar phenotypic and functional attributes in vitro after activation (data not shown). By contrast, when adoptively transferred in WT mice bearing B16 tumors established for 10 days, pmel-1-CD62L -/-cells were less effective in treating tumors compared with pmel-1-CD62L +/+ (P = 0.014; Figure 5D ). Thus, CD62L not only represents a marker of T cell differentiation state but also plays an important functional role in this adoptive immunotherapy model of large, established tumors.
Figure 3
The differentiation state of CD8 + T cells is inversely related to their proliferative capacity. Pmel-1 CD8 + T cells at progressive stages of differentiation were generated using multiple in vitro stimulations with 1 μM hgp10025-33 and 30 IU/ml of rhIL-2. Tumor antigen presentation by BM-derived APCs is required for successful tumor treatment. Differences between CD62L high and CD62L low population were observed only in the presence of vaccination. Consistent with findings of others (25, 26) , we found that CD62L high T cells preferentially homed to lymph nodes. This finding was obtained using confocal laser scanning microscopy (data not shown). Taken together, these data suggested that the lymphoid homing of CD62L high T cells could result in a more effective interaction with APCs.
In order to evaluate the role of APCs in this model, we generated a variety of chimeras by transferring BM cells from β 2 microglobulin -/-(β 2 m -/-) and from WT mice into lethally irradiated β 2 m -/-and WT mice ( Figure 6A ). Chimeras were analyzed for reconstitution with the appropriate donor marrow after 8 weeks (data not shown) and subsequently challenged subcutaneously with B16 melanoma. Adoptive transfer of early effector cells, in combination with an altered ligand vaccine and exogenous IL-2, was unable to treat B16 tumors in β 2 m -/-/β 2 m -/-chimeras ( Figure 6B ). As previously reported in studies using other models (27) , self/tumor antigen presentation by B16 melanoma was insufficient to efficiently stimulate adoptively transferred T cells, and no significant differences in tumor growth were seen compared with untreated mice (P > 0.05). However, transfer of CD8 + T cells into β 2 m -/-mice that had been engrafted with BM cells derived from WT mice treated B16 melanoma as efficiently as did pmel-1 cells adoptively administered to WT/WT chimeras (P > 0.05; Figure 6D ). Tumor antigen presentation by BM-derived APCs (presumably professional APCs) appear to be critical for successful treatment: adoptively transferred T cells in vivo activated by parenchymal cells, in β 2 m -/-/WT chimeras, were + cells are shown. The MFI was determined for all groups at the same time under the same cytoflourometric settings using the same reagents and isotype-matched controls. Data shown are representative of 2 independent experiments. (C) CD62L high and CD62L low subsets have similar functional qualities. 51 Cr, IFN-γ, and IL-2 release against hgp10025-33-pulsed MCA-205 targets. MCA-205 cells plus influenza nucleoprotein peptide (np) were used as control. Where error bars are not visible, it is because they are obscured by the symbols used. Data shown are representative of 2 independent experiments. (D) CD62L high and CD62L low subsets have similar proliferative capacity. CD62L high and CD62L low cells were labeled with CFSE and were cultured with hgp10025-33 peptide-pulsed on irradiated splenocytes in the presence of 30 IU/ml of rhIL-2. Cells were harvested from day 1 to day 4, and their CFSE content was determined. Results after gating on CD8 + Vβ13 + population are shown. This experiment was performed twice, with similar results. less effective in controlling tumor growth (P = 0.016; Figure 6C ). Thus, our findings suggest that in lymphoid tissues, adoptively transferred T cells utilize CD62L to target professional APCs expressing antigen as a result of the vaccination and that the downregulation of CD62L, due to progressive differentiation, impairs their in vivo activation, their proliferation, and consequently their antitumor activity.
IL-15 uncouples T cell proliferation from differentiation and preserves antitumor efficacy in vivo.
Results here indicate that the optimal T cell populations for ACT are early effector cells that retain high levels of lymphoid-homing molecules. These findings raise a crucial clinical problem. Current successful ACT-based immunotherapies inevitably start from low precursor frequencies of tumor-specific T cells. These T cells are currently activated and expanded to clinically therapeutic numbers using IL-2 (2, 10). During this expansion, cells inexorably differentiate and lose lymphoid-homing molecules (28) . Although T cells that possess such characteristics can cause objective clinical responses in a significant number of patients (4, 5) , and can suboptimally treat established tumors in mice, there is an urgent need to improve these results.
We and others have previously reported that splenocytes primed in the presence of IL-15 for 7 days polarized to a less-differentiated CD8 + T cell population that retained high levels of CD62L and CCR7 (26, 29, 30) Figure 7A ). While the CD62L marker was virtually absent on T cells grown in IL-2 (0.2%), significant numbers of T cells cultured in IL-15 (48%) retained the expression of CD62L ( Figure 7B ). This resulted in the generation of a T cell population that was significantly more effective even when used at limiting doses of 1 × 10 6 cells (P = 0.009, IL-15 vs. IL-2, day 14; P = 0.02, IL-15 vs. IL-2, day 21) (Figure 7C ). Enhanced tumor responses were associated with increased proliferation of IL-15-cultured cells upon adoptive transfer (data not shown). Interestingly, there was a statistically significant inverse correlation between the state of differentiation, as a measured by CD62L expression of transferred T cells, and tumor growth (P < 0.001; Figure 7D ). These data suggest that the use of IL-15 instead of IL-2 could result in significant expansion of T cells while delaying the acquisition of a detrimental effector state.
Discussion
T cells used for current adoptive immunotherapy trials are selected for their capacity to produce high levels of IFN-γ and for their ability to efficiently and specifically lyse relevant target cells (2, 10) . However, we have found that CD8 + T cells that acquire complete effector properties and exhibit increased antitumor reactivity in vitro are less effective at triggering tumor regressions and cures in vivo. In addition, as discussed in detail below, emerging data from our human clinical trials support the hypothesis that less-differentiated T cells are more therapeutically effective upon adoptive transfer. These findings may appear paradoxical but can be resolved by a summary of our results represented diagrammatically in Figure 8 .
After adoptive transfer, several events must occur for T cells to cause the regression of established tumors. survive long enough to complete the eradication of all tumor cells (13) . In the present work, we found that the progressive differentiation of T cells to a terminal differentiated effector stage results in a series of phenotypic and functional changes that make them less "fit" to perform these functions.
We previously reported that antigen-specific vaccination using an altered peptide ligand is required to eradicate large, established B16 melanoma (13) . Here, we extend these findings by determining that the deprivation of a productive interaction of T cells with BM-derived APCs (presumably professional APCs) diminishes the therapeutic impact of T cells. Interestingly, priming T cells ex vivo does not abrogate the requirement for stimulation by "professional" APCs. In addition, the expression of lymphoid-homing and costimulatory molecules on the surfaces of highly effective T cells provides further evidence that, to be fully therapeutic, adoptively transferred CD8 + T cells must home to secondary lymphoid tissue where they interact effectively with professional APCs. We cannot exclude the possibility that homing to lymph nodes would not be required in the presence of more-immunogenic tumors. Terminally differentiated T cells may have potent antitumor activity directly on tumor cells after infusion, as activation in lymph nodes may be unnecessary. Our results are consistent with the report that in preventive infectious models, the adoptive transfer of "central memory" CD8 + T cells that possess enhanced lymphoid-homing properties and higher levels of the costimulatory molecule CD27 provides superior immunity compared with the transfer of CD62L -CCR7 -CD27 -"effector memory" T cell populations (31) . Some authors have reported that the adoptive transfer of CD62L low T cells provides enhanced tumor treatment (32) . However, these polyclonal cells derived from tumor-draining lymph node were selected from an open T cell repertoire only on the basis of CD62L expression. Thus, it is likely that a CD62L low population is relatively enriched for tumor-reactive T cells compared with the naive, CD62L high population that has not been stimulated by exposure to tumor.
Although CD62L homing to lymphoid tissues, and the consequent ability of T cells to be properly activated by professional APCs, is important, it is clearly not the only mechanism underlying the differences in T cell efficacy after adoptive transfer. Neither intermediate effector cells nor effector cells expressed CD62L, but the intermediate effector populations were reproducibly more efficient than effector cells. Enhanced efficacy was associated with greater proliferation and survival in vivo.
Recent findings indicate that costimulatory interaction of CD27 and CD70 can result in prolonged expansion, survival, and memory differentiation of activated CD8 + T cells (7, (33) (34) (35) (36) . These findings suggest that the downregulation of CD27 that accompanies progressive T cell differentiation might contribute to the observed impairment of CD8 + T cell expansion and survival after adoptive transfer.
Because recombinant IL-2 is provided both in the ex vivo expansion of antitumor CD8 + T cells and immediately after their adoptive transfer, T cells may undergo apoptosis upon IL-2 withdrawal (37). Thus, the capacity of T cells to produce their own IL-2 may allow them to survive and expand. In our model, only early effector CD8 + T cells could produce significant levels of IL-2. Naive cells acquire this capability upon antigen stimulation. Cotransfer of CD4 + CD25 -helper cells, as a natural source of IL-2, may be helpful for the persistence and effectiveness of adoptive T cells (38) .
Homeostatic cytokines are important for the survival of T cells. For example, IL-7 has been shown to be critical for the generation and survival of memory CD8 + T cells, and IL-7Rα may identify effector CD8 + T cells that become long-lived memory cells (39) (40) (41) (42) . Thus, the progressive downregulation of IL-7Rα associated with T cell differentiation may be detrimental to their survival. Similarly, IL-15 plays a supportive role in survival and proliferation of adoptively transferred T cells (40, (43) (44) (45) . We have recently reported that endogenous IL-15 enhances the antitumor efficacy of adoptively transferred CD8 + T cells (29) . IL-15 appeared to be presented to (46, 47) . Thus, CD8 + T cell trafficking to lymphoid tissues and subsequent interaction with professional APCs may be pivotal not only for in vivo antigen vaccination but also for better access to this homeostatic cytokine.
CD8 + T cells in trans by APCs
Induction of apoptosis of activated effector CD8 + T cells is required to maintain lymphoid homeostasis and to prevent the development of autoimmune manifestations and lymphoid neoplasia, but apoptosis after adoptive transfer is clearly undesirable. We consistently found that less therapeutically effective/highly differentiated T cells overexpressed molecules critically involved in activation-induced cell death, such as Fas ligand. We also found that the molecules involved in activated T cell-autonomous death, such as the BH3-only proteins BID and BAD (18, 19) , were overexpressed in impaired effector T cells.
Replicative senescence is the ultimate fate of all somatic cells, including T cells. In both mice and humans, KLRG-1 identifies antigen-experienced T cells with an effector/effector memory phenotype that are severely impaired in their proliferative capacity but can perform full effector functions (21, 22) . Similarly, terminally differentiated pmel-1 cells expressed high levels of KLRG-1 and consistently had reduced replicative capacity.
Although it is possible that these results are specific to self/tumor antigens as well to this particular model, the finding that more-differentiated cells, with superior in vitro antitumor properties, are less capable of mediating tumor regression upon adoptive transfer may be highly relevant to the immunotherapy of cancer patients. In current techniques (2, 10), tumor-specific CD8 + T cells generated ex vivo for ACT are generally CD62L -CCR7 -effector/effector memory T cells (28) . However, within this population, the degree of differentiation can be discriminated on the basis of the expression of the costimulatory molecules CD28 and CD27 and T cell senescence markers KLRG-1 and CD57 and telomere length. The in vivo persistence of T cells following adoptive transfer significantly correlated with clinical responses in a study carried out on a panel of 25 patients (48) . Interestingly, phenotypic and functional analyses on a single responding patient indicated that the fractions of transferred cells that persisted were phenotypically less-differentiated (CD45RO + CD27 + CD28 + CD57 -KLRG-1 -) clonotypes (unpublished observations). However, the most consistent finding that is emerging from the study of T cell clonotypes after adoptive transfer regards the length of telomeres -T cells with longer telomeres persisted and mediated tumor regression, while cells possessing very short telomeres rapidly disappeared after transfer (unpublished observations). These observations are now being extended using large cohorts of patients.
The idea that highly differentiated T cells are suboptimal to confer immunity is also supported by recent data from HIV patients. The incidence of IFN-γ + perforin high HIV-specific CD8 + T cells has been reported to correlate with HIV-1 disease progression (49, 50) . In addition, HIV long-term nonprogressors were associated with HIV-specific CD8 + T cells characterized by less-differentiated phenotype (CD45RO + /CD27 + /CD28 + ) and high proliferative capacity (51) .
We and others have found that highly tumor-reactive T cell clones did not cause objective regressions of cancer (10) (11) (12) . Based on the data presented here, it seems clear that clones represent terminally differentiated CD8 + T cells with strong effector functions. These T cells, however, have exhausted their proliferative and survival capabilities -T cell clones rapidly disappeared after adoptive transfer (10) (11) (12) . In contrast, adoptively transferred T cell clones can prevent complications from cytomegalovirus infections in BM-transplanted patients (52) . This could be related to the preventive nature of the treatment, which undoubtedly requires fewer cells; the repeated administration of T cell clones; or the strong immunogenicity of the antigen.
Our work suggests that the current practice of using IFN-γ release or cytolysis (2, 10) alone to select T cells for transfer could be misleading because it results in the selection of highly differentiated cells with decreased proliferative and survival capabilities. We propose that in addition to the usual functional assays, phenotypic analyses and the evaluation of the length of telomeres can be used to identify less-differentiated/more effective T cells for adoptive transfer.
Our results also raise questions about the optimal strategy for the in vitro generation of T lymphocytes for adoptive transfer -the mere generation of large numbers of highly differentiated T cells for adoptive transfer is insufficient to trigger tumor regression. Cytokines, acting in concert with signals through the TCR, can have differential effects on T cell differentiation and proliferation (24) . High doses of IL-2 have been used to obtain large numbers (up to 10 11 cells) of tumor-reactive T cells for adoptive transfer, but T cells rapidly differentiate under this condition. In contrast, IL-15 uncouples differentiation from proliferation, enabling the generation of large numbers of less-differentiated/more effective T cells.
These findings are now being applied to current clinical efforts in the treatment of established tumors and may be useful in the treatment of established infectious diseases, including HIV and chronic hepatitis.
Methods
Mice and tumor lines. Pmel-1 TCR-Tg mice (13) were crossed with C57BL/6 Ly-5.1-Tg, C57BL/6 Thy1.1-Tg, and C57BL/6 Sell -/-mice (Jackson Laboratory) to derive pmel-Ly5.1-double-Tg mice, pmel-Thy1.1-double-Tg mice, and pmel-1 CD62L -/-mice, respectively. B16 (H-2 b ) , a spontaneous gp100 + murine melanoma, was maintained in culture media (CM) (13) . The gp100 -MCA-205 (National Cancer Institute Tumor Repository) was maintained in CM and used as irrelevant H-2 b target.
Generation of BM chimeras. BM cells were obtained from femurs and tibias of β2m -/-and C57BL/6 mice (Taconic). Recipients were irradiated with 10 Gy and injected i.v. with 5 × 10 6 BM cells. PBMC chimeras were analyzed at 8 weeks.
In vitro activation, cytokine release, and cytolytic assays. Pmel-1 splenocytes were isolated as described previously (13) and cultured in the presence of 1 μM human gp10025-33 (hgp10025-33) and CM containing 30 IU/ml of recombinant human IL-2 (rhIL-2) (Chiron Corp.) or 10 ng/ml rhIL-15 (PeproTech Inc.). Cells were restimulated weekly with 1 μM hgp10025-33-pulsed, irradiated splenocytes. Pmel-1 cells were frozen after each restimulation. Prior to adoptive transfer, pmel-1 lymphocytes were thawed and kept overnight in IL-2 culture medium at 37°C. Cells were concurrently used for flow cytometry analysis, recognition, or cytolytic assays. When naive cells were used, pmel-1 splenocytes were depleted of non-CD8 + T cells using a MACS negative selection column (Miltenyi Biotec). CD62L high and CD62L low populations were sorted the day before adoptive transfer using a MACS CD62L-positive selection column (Miltenyi Biotec). Cytokine release assays and cytolytic assays were performed as previously described (29) .
Adoptive cell transfer, vaccination, and cytokine administration. Female C57BL/6 mice (Jackson Laboratory) at 6-12 weeks of age were injected s.c. with 2 × 10 5 to 5 × 10 5 B16 melanoma cells. Mice (n = 5 for all groups)
Figure 8
A schematic illustration summarizing results indicating the inverse relationship of in vitro and in vivo effector functions of adoptively transferred naive and effector T cell subsets. After primary antigen stimulation, naive CD8 + T cells proliferate and progressively differentiate into terminally differentiated effector T cells. Phenotypic and functional changes characterize the differentiation process. The gradual acquisition of complete effector functions (dashed red line) is associated with the progressive inability of T cells to cause tumor regression upon adoptive transfer (black line). Such mechanisms initially involve the downregulation of lymphoid-homing and costimulatory molecules, which results in a poor in vivo activation of T cells. Other mechanisms occur later and include the inability to produce IL-2 and access homeostatic cytokines, the imbalance of proapoptotic and anti-apoptotic signals, and the acquisition of a state of replicative senescence. +, low expression; ++, intermediate expression; +++, high expression.
were treated 10-14 days later with i.v. adoptive transfer of pmel-1 CD8 + T enriched splenocytes or in vitro activated splenocytes, as indicated. Lymphopenia was induced by sublethal irradiation (500 cGy) of tumor-bearing mice on the day of treatment. Mice were vaccinated with 2 × 10 7 PFU of a previously described recombinant fowlpox virus expressing human gp100 (rFPhgp100; Therion Biologics) (53) and rhIL-2 at 600,000 IU (36 μg per dose) were administered by i.p. injection twice daily for a total of 6 doses. Calipers were used to measure tumors, and the products of the perpendicular diameters were recorded. All experiments were performed in a blinded, randomized fashion (the investigator who performed the measurements had no knowledge of the experimental group) and performed independently at least twice with similar results. All animal experiments were approved by the NCI Animal Ethics Committee of the NCI.
Enumeration of adoptively transferred cells. On the days indicated, mice were bled by tail vein into heparin-containing microcentrifuge tubes (Marsh Bio Products) and sacrificed. We harvested spleen and tumor and homogenized them into a single-cell suspension using the rubber end of a 3-cc syringe and a 40-μM filter cup. Samples were enumerated in our laboratory using trypan blue exclusion for splenocyte count, and in the NIH Clinical Laboratory for peripheral blood analysis, and were analyzed by flow cytometry for CD8 and Vβ13, Ly5.1, or Thy.1 expression by cells. We calculated the absolute number of pmel-1 cells/μl by multiplying the splenocyte count or ALC by the ratio CD8 + Vβ13 + /lymphocyte gate, CD8 + Ly5.1 + /lymphocyte gate, or CD8 + Thy1.1 + /lymphocyte gate.
In vitro CFSE proliferation assay. Pmel-1 cells were labeled with 1 μM CFSE (Invitrogen Corp.) and restimulated with 1 μM hgp10025-33-pulsed, irradiated splenocytes in CM containing 30 UI/ml of rhIL-2. From day 1 to day 4 after restimulation, cells were harvested and analyzed by flow cytometry for CFSE, CD8, and Vβ13 expression.
Flow cytometry and antibodies. All antibodies were purchased from BD Biosciences except goat polyclonal antibody against CCR7 (Abcam Inc.), donkey anti-goat-PE (Jackson ImmunoResearch Laboratories Inc.), KLRG-1-PE (2F1) (SouthernBiotech), and anti-human granzyme B-PE (GB11) (CALTAG Laboratories). Samples were analyzed using a FACSCalibur flow cytometer and CellQuest software (Becton Dickinson).
Detection of BID and BAD protein expression by Western blot analysis. Cells were lysed in RIPA buffer (Boston BioProducts Inc.) with 1 mM of phenylmethylsulfonyl fluoride (Sigma-Aldrich). Then 10 μg protein from each lysate was loaded to a well of a 12% PAGE gel (PAGEgel Inc.) and run in reducing conditions for an hour. After transfer, the membrane was blocked with 10% nonfat milk in wash buffer containing 10 mM Tris (pH 7.5), 100 mM NaCl (Quality Biological Inc.), and 0.1% Tween-20 (Fisher Scientific) overnight. The membrane was incubated with 1 μg/ml rat anti-mouse BID (R&D Systems), 0.5 μg/ml mouse anti-mouse BAD (BD Biosciences), and 0.3 μg/ml mouse anti-mouse GAPDH (Chemicon International) for 1 hour and subsequently washed 3 times. We used 1 μg/ml of HRP-conjugated anti-mouse Ig (Amersham Biosciences) or anti-rat IgG (SouthernBiotech) as secondary antibodies. The membrane was developed in SuperSignal West Pico Chemiluminescent Substrate (Pierce) and photographed by LAS-1000 luminescent image analyzer (FUJIFILM Medical Systems).
Microarray analysis. RNA was isolated from CD8 + -enriched pmel-1 cells after 1 and 2 stimulations using RNeasy columns (QIAGEN) and indirectly labeled via a single round of linear amplification with Amino Allyl MessageAmp reagents (Ambion). The labeled samples were combined and hybridized overnight to 22,000-gene oligonucleotide arrays supplied by the Laboratory of Molecular Technology (NCI). We obtained data image files using a GenePix 4000B scanner (Axon Instruments) and imported them into GeneSpring version 6.2 (Silicon Genetics).
Statistical analysis. Tumor graphs were compared using Wilcoxon rank sum test.
